Achieving undetectable MRD (U-MRD) status after chemoimmunotherapy predicts longer progression-free and overall survival. The predictive factors and timing of relapse in patients with U-MRD and value of interim MRD analysis are illdefined. This was a prospective study of 289 patients with CLL treated first-line with FCR. MRD analysis was performed after course 3 (C3) and at end of therapy (EOT) in bone marrow using 4-color flow cytometry (sensitivity 10 −4 ). Eighteen percent of patients had U-MRD after C3 and 48% at EOT. U-MRD status at EOT was associated with longer PFS (median NR vs 38 mo, p < 0.001). MRD level (≤1% vs >1%) after C3 predicted greater likelihood of U-MRD status at EOT (64% vs 9%, p < 0.001). PFS was significantly longer for patients with MRD ≤1% vs >1% after C3 (median 73 mo vs 41 mo, p < 0.001), but similar for <0.01% vs 0.01-1%. Interim MRD status may therefore be used for risk stratification and to individualize therapy. Eighty-five patients with U-MRD status at EOT had yearly blood MRD monitoring; MRD re-emerged in 38/85, a median of 48 mo after EOT and preceded clinical progression by a median of 24 months, which may allow development of early intervention strategies.
Introduction
Achieving undetectable minimal residual disease (U-MRD) status with chemoimmunotherapy (CIT) is an important and independent predictor for longer progression-free survival (PFS) [1] [2] [3] [4] [5] and overall survival (OS) [1, 6] . We and others [6] [7] [8] reported a plateau on the PFS curve after FCR therapy for patients with favorable baseline characteristics, particularly for patients with mutated IGHV [6] who lack del (11q) or del(17p) [7] . U-MRD status post-treatment predicts prolonged PFS and is likely a pre-requisite for "cure." Notably, pre-treatment characteristics retain prognostic significance even in patients who achieve U-MRD status with FCR: PFS was almost 80% at 13 years in patients with mutated IGHV who achieved U-MRD status at end of treatment (EOT), but most patients with unmutated IGHV relapse even having achieved U-MRD status at EOT [6] .
While, the prognostic value of post-treatment MRD analysis is well-established, the value of interim MRD analysis and posttreatment serial analysis are less clear. In our most recent study of FCR, MRD analysis (10 −4 sensitivity) was performed in bone marrow (BM) after course 3 (C3) and at EOT. We previously reported early results from this study [3] . There were several notable findings. First, patients who achieved U-MRD status after 3 courses of FCR had similarly favorable PFS whether further courses of FCR were given or not; this raised the possibility that patients who achieve U-MRD status early could potentially receive a reduced number of chemotherapy courses without compromising disease control. Second, patients who achieved U-MRD status after 6 course of FCR had very favorable outcomes, even if MRD-positive after 3 courses.
With further follow-up in this study, many patients had yearly MRD analysis, using standard 4-color FLC in blood to detect subclinical disease relapse. This was not protocolmandated. In the current analysis, 3 years after original publication, in addition to confirming the previous observations with more mature follow-up, our aims were as follows: first, to determine whether MRD assessment in BM after 3 courses can predict clinical outcomes, including U-MRD status at the EOT and subsequent PFS (and therefore whether it may have utility in personalizing therapy); to describe the time-course of sub-clinical and clinical relapse in patients who achieved U-MRD status at the EOT; and to identify predictive factors for relapse in patients achieving U-MRD status at the EOT.
Patients and methods

Patients
The study (NCT00759798) was approved by and conducted according to The University of Texas MD Anderson Cancer Center Institutional Review Board guidelines and in accordance with the Declaration of Helsinki. A total of 285 patients were enrolled and treated with up to 6 courses of standard FCR [3, 9, 10] from 2008 to 2015. The primary aim of the study was to prospectively evaluate associations between pretreatment prognostic factors and CR; secondary aims were to evaluate associations between pre-treatment prognostic factors and time to treatment failure and U-MRD status in BM.
Baseline pre-treatment evaluation included clinical assessment for lymphadenopathy and constitutional symptoms, β 2 -microglobulin level and BM aspirate and biopsy. Fluorescence in situ hybridization (FISH) for common CLLassociated chromosomal abnormalities [11] , determination of immunoglobulin heavy chain variable region (IGHV) somatic hypermutation status (IGHV-MS) and immunohistochemistry for zeta-associated protein-70 (ZAP70) [12] were performed on BM. Stimulated karyotype was generated on BM in the majority of patients. CT scans for pre-treatment work-up and response assessment were not mandated as they were not the standard for assessment at the time of study design; nodal assessments were performed routinely by physical examination. All patients had adequate renal and hepatic function. Response assessments were performed according to the 1996 National Cancer Institute Working Group criteria [13] .
MRD analysis
BM examination was performed after C3 and at the EOT in all patients. MRD analysis was performed in BM using the international standardized methodology of the European Research Initiative on CLL (ERIC). The assay is quantitative, with a sensitivity down to 0.01% [14] . If MRD was undetectable, but sensitivity of at least 0.01% was not achieved, results were excluded from the analysis (i.e., data were treated as missing, given it was not possible in such cases to determine whether patients had truly achieved U-MRD). Serial analyses for MRD were done after the EOT on blood at yearly intervals during follow-up in many patients who achieved U-MRD status in BM at the EOT; however, this was not mandated by the protocol.
Statistical analysis
PFS was defined as the time from the start of treatment until disease progression or death from any cause. OS was defined as the time from the start of treatment until death from any cause. Survival curves were calculated using the Kaplan-Meier method and cross-group comparisons were made using the log-rank test. Univariable and multivariable analyses were performed using Cox regression; predictors with univariable p-value <0.1 were included in the multivariable model. Three-and 6-month landmark analyses (6 months representing the EOT in the majority of patients) were performed for PFS and OS to determine the association between MRD status at the EOT and time-to-event endpoints. Univariable and multivariable analyses for binary outcomes were performed using logistic regression analysis; predictors with univariable p-value <0.1 were included in the multivariable model. All p-values are two-sided, with a significance level of ≤0.05. Classification and regression tree models [15, 16] , fit using the rpart package in R, were used to identify prognostically important covariates and potential interactions among them, for the following: PFS according to pre-treatment characteristics, likelihood of achieving U-MRD status at the EOT according to pre-treatment characteristics, and PFS from the 6-month landmark according to MRD status and pre-treatment characteristics.
Results
Pre-treatment characteristics are shown in Table 1 .
Response, PFS, and OS
Median follow-up for the total cohort was 57 months (range 3-93). Overall response rate was 96% (64% CR). A total of 118 patients came off study during follow-up, for the following reasons: disease progression (n = 94), primary refractory disease (n = 10), Richter transformation (n = 7) and death in CR/PR (n = 7). Twenty-five patients were censored for PFS for the following reasons: received systemic therapy for another cancer (MDS/AML, n = 4, other, n = 7), treatment on another clinical trial (lenalidomide, n = 4, ofatumumab, n = 3, or alemtuzumab n = 3) for eradication of MRD (n = 10), allogeneic stem cell transplant in remission (n = 3), received treatment for autoimmune hemolytic anemia (n = 1). Patients censored for PFS were followed for OS.
Univariable associations between pre-treatment characteristics, PFS and survival are shown in Supplementary  Table 1 . In multivariable analysis, the following were significantly associated with shorter PFS: unmutated IGHV [HR 3.31 (1.62-6.78), p = 0.001], del(17p) [HR 10.04 (2.81-38.86), p < 0.001] and β 2 -microglobulin ≥4.0 mg/L [HR 1.77 (1.07-2.91), p = 0.03]. Patients with trisomy 12 had longer PFS [HR 0.37 (0.16-0.89), p = 0.03]. In multivariable analysis, the only pre-treatment characteristic significantly associated with inferior overall survival (OS) was unmutated IGHV [HR 3.38 (1.07-10.72), p = 0.04]. There was a trend toward inferior OS in patients with del (17p) [HR 2.78 (0.90-8.61), p = 0.08].
We performed classification and regression tree (CART) analysis to analyze potential interactions between pretreatment prognostic variables and PFS ( Fig. 1 ). Analyses identified IGHV-MS as the most important determinant of PFS and also demonstrated that the outcome for patients with mutated IGHV could be further stratified according to ZAP70 status; patients who were negative for ZAP70 had particularly favorable PFS ( Fig. 2a ). We confirmed these data in univariable and multivariable Cox Regression models, which were performed separately for patients with mutated and unmutated IGHV (Supplementary Tables 2-5 ). In patients with mutated IGHV, on multivariable Cox Regression analysis, patients who were ZAP70 positive by IHC (39% of patients with mutated IGHV) had shorter PFS [HR 2.88 (1.03-8.06), p = 0.04]. In patients with unmutated IGHV, B2M ≥4.0 mg/L [1.88 (1.09-3.26), p = 0.02), advanced Rai stage [1.92 (1.92-3.27), p = 0.02] and del (17p) [19.64 (3.73-103.44), p < 0.001] were all associated with inferior PFS.
MRD-level in BM after 3 courses and likelihood of converting to U-MRD by EOT
The level of MRD after course 3 indicates the degree of chemosensitivity and may correlate with PFS and OS [1] . After course 3, 232 patients had evaluable BM MRD results. Forty-two of 232 patients (18%) with evaluable results achieved U-MRD status; 94 (40.5%) had 0.01-1% MRD and 96 (41.5%) had >1% MRD. An additional 6 cases with U-MRD were excluded as they did not have sensitivity of at least 0.01%; reported sensitivity for these patients ranged from 0.02 to 0.15%. Univariable associations between pretreatment characteristics and U-MRD status after 3 courses are shown in Supplementary Table 6 . On multivariable analysis, trisomy 12 [OR-odds ratio-4.14 (1.16-14.78), p = 0.03] and negative FISH [OR 4.29 (1.29-14.26), p = 0.02] were significantly associated with an increased likelihood of achieving U-MRD status after 3 courses.
A total of 154 patients who were MRD-positive after 3 courses had evaluable MRD results at the EOT; 52 (34%) 
Association between MRD level in BM after 3 courses and subsequent PFS
To determine the association between interim MRD level after 3 courses and subsequent PFS, we performed a 3-month landmark PFS analysis. Patients with MRD >1% had a markedly inferior PFS compared to those with MRD 0.01-1% or <0.01% (p < 0.001); however, there was no difference in PFS for those with MRD 0.01-1% vs <0.01% (Fig. 2b ). When only patients with mutated IGHV were analyzed, results were similar (Supplementary Figure 1 
Association between number of courses of FCR and PFS in patients with U-MRD in BM after 3 courses
For the subgroup of patients who achieved U-MRD status after 3 courses, we previously reported that PFS was excellent, even if only 3 courses of FCR were given [3] , but with limited follow-up duration; we therefore repeated this analysis, now with a median follow-up of 56 months (range 3-93). Of the 42 patients who had U-MRD after course 3, 23/42 (55%) received 3 courses of FCR and only 9/42 (21%) received the full 6 courses. There was a trend toward inferior PFS in patients who received only 3 courses (p = 0.17), Fig. 2c . However, when we analyzed only the 18 patients with mutated IGHV, the results were highly favorable. Only one patient relapsed, despite the fact that 11/18 patients received only 3 courses of therapy and only 2/18 received the full 6 courses (Fig. 2d ). The single relapse occurred in a patient who received 3 courses of FCR and developed progressive disease after 42 months.
Association between achieving U-MRD status in BM by EOT and pre-treatment characteristics
At the EOT, 105/219 (48%) patients with evaluable MRD results from BM achieved U-MRD status. An additional 17 cases with U-MRD were excluded because the assay sensitivity did not reach 0.01%. Univariable associations between pre-treatment characteristics and achieving U-MRD status at the EOT are shown in Supplementary  Table 7 . On multivariable analysis, the following were significantly associated with achieving U-MRD status at the EOT: mutated IGHV [OR 2.5 (1.2-5.5), p = 0.02], negative FISH [OR 2.6 (1.04-6.4), p = 0.04] and trisomy 12 [OR 2.7
(1.1-6.8), p = 0.03]. Among patients with mutated IGHV, there were no other pre-treatment characteristics significantly associated with the likelihood of achieving U-MRD status at the EOT, but there was a trend toward increased likelihood in patients with trisomy 12 [HR 4.5 (0.87-23.35), p = 0.07]. We explored potential interactions between pre-treatment characteristics and the likelihood of achieving U-MRD status at the EOT using a classification and regression tree model. This demonstrated that mutated IGHV was the best pre-treatment predictor of achieving U-MRD status at the EOT, but there were several modifying factors (Fig. 3 ).
Association between achieving U-MRD status in BM at the EOT and PFS
On 6-month landmark analysis, failure to achieve U-MRD status at the EOT was strongly associated with inferior PFS [HR 3.50 (2.17-5.62), p < 0.001]. Multivariable analysis was performed, including NCI-WG response category (CR vs PR; 10 patients who were primary refractory to FCR were excluded) and the following pre-treatment characteristics, which were significantly associated with PFS from the 6-month landmark univariable analyses: age ≥65, β 2 -microglobulin ≥4.0 mg/l, ZAP70-positivity, unmutated-IGHV, FISH subgroup. Failure to achieve U-MRD status at EOT was strongly and independently associated with inferior PFS [HR 3.39 (1.69-6.85), p = 0.001]. Failure to achieve CR was also associated with inferior PFS [HR 2.77 (1.42-5.37), p = 0.003]. Among pre-treatment characteristics, B2M ≥4.0 mg/L [HR 2.33 (1.30-4.17) , p = 0.005] and ZAP70-positivity [HR 2.86 (1.39-5.86), p = 0.004] were also independently associated with inferior PFS.
We performed classification and regression tree analysis to identify interactions between PFS and the following: achieving U-MRD status, response category (CR vs PR), and pre-treatment characteristics. This confirmed that achieving U-MRD status was the most important predictor of PFS and in patients achieving U-MRD status, PFS was superior in patients who had mutated IGHV and had a B2M <4.0 mg/L (Fig. 4 ). When only patients who achieved U-MRD status at the EOT were analyzed in a Cox Regression model, the only significant association with longer subsequent PFS was mutated IGHV [HR 0.29 (0.09-0.90), p = 0.03], Fig. 2e . There was no difference in outcome for patients achieving U-MRD status according to CR vs PR [HR 0.77 (0.18-3.24), p = 0.72].
Timing of achieving U-MRD status in BM and PFS
We compared outcomes for patients who achieved U-MRD status after 3 courses to those who were MRD-positive after course 3, but had U-MRD at the EOT. There was no difference in PFS between the two groups (p = 0.80), Fig. 2f . However, as noted above, of the 42 patients who achieved U-MRD status after 3 courses, 23 received only 3 courses and only 9 received the full 6 courses of FCR.
Association between achieving U-MRD status in BM and overall survival
Univariable associations between U-MRD status, baseline characteristics, and overall survival are shown in Supplementary Table 8 . On multivariable analysis, the following were significantly associated with inferior OS, from the 6month landmark: failure to achieve U-MRD status [HR 3.48 (1.01-12.05), p = 0.048] and del(17p) [HR 3.52 (1.02-12.11), p = 0.046].
Time to reemergence of MRD in patients who achieved U-MRD status in BM at EOT
Reemergence of MRD in blood was detected in 38/85 patients achieving U-MRD status, at a median of 48 months (range 6.1-65.1 months) after EOT, Fig. 5a . Patients with unmutated IGHV showed more rapid reemergence of MRD (median 42 months vs not reached, p = 0.01), Fig. 5b . Among patients with mutated IGHV who achieved U-MRD status after 3 courses, 3/16 had subsequent reemergence of MRD; all 3 had received 3 courses of FCR. Patients with mutated IGHV who achieved U-MRD status after course 3 had significantly longer time to MRD reemergence than patients with unmutated IGHV [HR 5.59 (1.37-22.85), p = 0.02], Fig. 5b . There were no other pre-treatment characteristics which were significantly associated with time to MRD reemergence in patients who achieved U-MRD status by C3 or at EOT. Eighteen patients who achieved U-MRD status at the EOT and had MRD monitoring subsequently developed clinical disease progression; of these patients, MRD reemergence in blood preceded clinical disease progression in 17/18 (94%). Reemergence of MRD preceded clinical relapse by a median of 24 months (range 0.1-32.1 months), Fig. 5d ; there was no difference in time to clinical relapse after reemergence of MRD according to mutation status or other pre-treatment characteristics (data not shown). MRD doubling time was calculable in 14 patients; median doubling time was 2.6 months (range 1.1-7.2). Absolute MRD level at first detection ranged from 0.001 to 0.56 × 10 9 /L and numbers of events were small. As a result, there was no correlation between MRD doubling time and time to clinical relapse.
Discussion
Achieving long-term remission after first-line therapy for CLL, without requiring maintenance therapy, is desirable. This is achievable with CIT in the majority of the subgroup of patients with mutated-IGHV [6] [7] [8] . Accurate pretreatment determination of prognosis is now particularly important, given the availability of novel, targeted therapies, such as the BTK inhibitor ibrutinib and the Bcl-2 inhibitor venetoclax, which are effective in patients with high-risk biological features such as unmutated IGHV and del(17p) [17] [18] [19] [20] [21] . Our data confirm that patients with mutated IGHV have the most favorable outcomes after FCR CIT. Notably, our data also suggest that certain biomarkers may have prognostic relevance only within specific subgroups of patients; patients with mutated IGHV who are ZAP70positive by IHC in BM have inferior outcomes to those who are ZAP70 negative but there was no difference in PFS according to ZAP70 expression in patients with unmutated-IGHV. This study pre-dated routine availability of molecular testing for common CLL-associated gene mutations. Assessment of the impact of these prognostic features in larger cohorts of patients with mutated IGHV may add further nuance to pre-treatment assessment of prognosis for patients with mutated IGHV.
MRD analysis provides an in vivo assessment of disease sensitivity. Our data confirm previous observations [6, [22] [23] [24] that achieving U-MRD status at the EOT is associated with favorable long-term PFS and OS. Among patients with U-MRD at the EOT, IGHV-MS was the only pre-treatment characteristic that remained prognostic for PFS; patients with mutated IGHV who had U-MRD at the EOT had particularly favorable PFS. In addition to confirming the prognostic importance of post-treatment MRD level, we demonstrated that interim MRD level in BM stratified patients into 3 groups and propose that these 3 groups of patients could potentially benefit from different treatment strategies: first, patients with MRD <0.01% had a favorable PFS, despite most receiving <6 courses of FCR; patients achieving U-MRD status with mutated IGHV had a particularly favorable PFS; this group of patients could potentially stop treatment after 3 courses and be observed; second, patients with MRD 0.01-1% also had a favorable PFS and a high likelihood of achieving U-MRD status at the EOT; this group of patients could complete a further 3 courses of FCR and be reassessed with BM MRD analysis at the EOT; third, patients with MRD >1% had unfavorable PFS and a very low likelihood of achieving U-MRD status at the EOT; this group of patients likely has disease relatively insensitive to CIT. As such, further courses of FCR may be of limited benefit and potentially harmful; instead, these patients may benefit from transitioning to salvage therapy with novel, targeted agents. Finally, we showed that in patients who achieve U-MRD status at the EOT, a yearly assessment of MRD in the blood can detect sub-clinical relapse. Median time to progression after detection of MRD was 24 months, but inter-patient variability was substantial. We did not have sufficient MRD time points and patient numbers to accurately determine a relationship between rate of change in MRD level and time to progression, although such a relationship likely exists. Additionally the relatively short time-to-progression from first detection of MRD in some patients suggests that more frequent MRD analysis (e.g., every 6 rather than every 12 months) may be required for most accurate prediction of time to progression.
The optimal treatment-approach in the first-line setting in patients fit for CIT is not clear, including for those with Fig. 4 Classification and Regression Tree model of association between pre-treatment characteristics, U-MRD status at end of treatment, IWCLL response category (PR vs CR), and 6-month landmark progression-free survival (PFS). Subjects with PFS <6 months or missing MRD status were excluded. Thus, a total of 207 subjects were analyzed. Each node is organized as follows: the top line shows the hazard ratio for PFS, relative to all patients within the cohort; the middle line shows the number of patients in each group who had an event/number at risk; the bottom line shows the percentage of the total patients who fall within that node. The most favorable PFS was for patients who achieved U-MRD status post-treatment, had mutated IGHV, and pre-treatment B2M <4.0 mg/L. EOT MRD end-oftreatment minimal residual disease in BM; IGHV immunoglobulin heavy chain variable gene; RESP response (CR complete response; PR partial response); ZAP70 zeta-associated protein-70, by immunohistochemistry in BM favorable-risk biomarkers (IGHV-mutated, no high-risk FISH) [7, 25] . On the one hand, favorable-risk patients are potentially curable with CIT; [6] [7] [8] on the other, they also have generally favorable survival outcomes, even when CIT is not given as initial therapy [25, 26] . Optimal management in this situation should be clarified by randomized clinical trials. Two important randomized studies are ongoing, comparing CIT to ibrutinib plus rituximab (the ECOG E1912-NCT02048813-and the UK FLAIR studies), and a third, the German CLL Study Group CLL 13 study, compares CIT to venetoclax plus either rituximab, obinutuzumab, or ibrutinib and obinutuzumab (NCT02950051). The results will therefore go some way toward establishing the best initial treatment strategies for fit patients with CLL; these studies may not, however, be powered to determine optimal management for all prognostically relevant sub-groups of patients, particularly those with favorable-risk biomarkers. Notably, the treatment paradigms tested in E1912/FLAIR and CLL13 are different: in the E1912 and FLAIR studies, ibrutinib is given indefinitely and for up to 6 years, respectively; in CLL13, the venetoclax-based combinations are given for a finite period of 1 year. The reason for long-term or indefinite ibrutinib therapy is that during treatment with BTK inhibitor monotherapy, achieving U-MRD status is very rare, which makes MRD analysis of limited utility and likely necessitates indefinite maintenance therapy to prevent relapse [17] [18] [19] [20] 27] . In contrast, in the first-line setting, venetoclax plus obinutuzumab [28] , venetoclax plus ibrutinib [29] and venetoclax plus ibrutinib and obinutuzumab [30] achieved high rates of U-MRD. As U-MRD is now attainable with novel therapeutic combination strategies, we believe it will have increasing relevance as a therapeutic endpoint for the broader population of patients with CLL, particularly where the intent is to give time-limited treatment. Indeed, the primary endpoint for the venetoclax + obinutuzumab vs CIT comparison in CLL13 is U-MRD. Implementation of novel methods to detect MRD with greater sensitivity, such as high-throughput sequencing [31, 32] may further improve the predictive accuracy of MRD assessment and refine its use as a tool for directing therapeutic decisions.
In summary, we propose that, beyond simply providing prognostic information, serial MRD analysis could be combined with knowledge of pre-treatment characteristics The aim of such strategies would be to achieve U-MRD status, while overall minimizing therapy and associated toxicity. An example of such a strategy, based on the data we discussed in this paper, is shown schematically in Fig. 6 . We stress that the concepts outlined here would require systematic testing in carefully designed, randomized studies, before being utilized in routine practice. In particular, it would be important to determine whether cessation of treatment in favorable prognosis patients who achieve U-MRD status after course 3 of FCR still leads to long-term PFS (and "cure") and whether initiation of MRD-directed salvage therapy in patients MRD-positive after CIT or who have "MRD-relapse" improves PFS and OS. 
